Pulsed airflow cued by the fluorescence spectrum of a particular aerosol can be used to distinguish and deflect particles of biological origin out of an aerosol stream, permitting concentration of these particles for subsequent analysis ). However, these high velocity pulses of air have an inherent tendency to scatter particles, confounding efforts to concentrate these deflected particles for analysis. The ability to concentrate large numbers of biological particles into a small area on a collection substrate is particularly important for more species-specific techniques such as Raman and FTIR (Fourier Transform Infra-Red) spectroscopy, which require long integration times due to their weak signal strength. In the present work, a simple method is developed for deflecting and localizing particles after classification by a pulsed airflow. The concept is both modeled and experimentally tested. A specially designed funnel is used to localize the scattered particles onto an area of substrate as small as 1 mm in diameter. Computational fluid dynamics simulations were performed to investigate the interaction of the pulsed airflow with the deflected particles and the localizing funnel, in order to gain insight into design parameters and operating conditions that affect the efficiency of this technique. The results show that the combination of pulsed airflow with a localizing funnel effectively deflects and localizes the concentrated bioaerosol onto a small area of substrate or an opening of a microfluidic cell.
INTRODUCTION
Pulsed airflows can be used to selectively deflect particles of biological origin out of an aerosol stream, permitting these particles to be concentrated and collected for subsequent analysis. The present method to discriminate between biological and non-biological particles is based on the particle fluorescence spectrum. In the real-time first stage, individual particles of biological origin within airborne aerosols are detected and diagnosed using UV-laser induced fluorescence (UV-LIF) while being passed through the sample volume of the system (Pan et al. 2003; Pinnick et al. 2004) . Below the laser sample volume, a burst of high-speed air, termed a "packet," can be generated by a pulsed-valve referred to as a "puffer." When the UV-LIF spectrum of a particle is found to match a pre-determined signature criterion of interest, an electronic pulse will trigger the puffer to generate a pulsed air packet, which then deflects that particular particle out of the particle stream, onto a special substrate for further analysis. A sketch of this concept is shown in Figure 1 . The potential of this device for deflecting particles "at will" or "on cue" is significant. Additionally, this technology offers the ability to rapidly sample particles without the difficulties inherent in using electrostatic deflection, such as a long charging time in a plasma environment or dealing with varying charge/diameter ratio. This aerodynamic device is also potentially less destructive to the particles than charging them in a plasma environment. Damaging the particles prior to analysis could prevent correct characterization of their biological content.
In order to deflect all of the suspect biological particles efficiently (at low concentration) from the main aerosol stream and to leave the other particles undeflected, it is essential that the fluorescence spectrum of every particle in the aerosol flow stream be examined and that the decision whether or not to cue the puffer be made within a very short time. In order to discriminate different kinds of biological aerosols in the respirable size range (1-10 µm in diameter), we use the dispersed fluorescence spectra ranging from 300 nm to 700 nm as a signature. For particles such as anthrax, a fluorescence peak around 330 nm is expected. The use of a multi-anode photomultiplier tube for detecting dispersed fluorescence and an on-board microprocessor (PhotoniQ-OEM from Vtech Eng. Corp.) for cue determination greatly speeds the system and makes it work in real-time (speeds up to 4.8 K particles/per second). When the puffer is cued to release an air packet by the UV-LIF spectrum of the particular particle, this air packet forms a jet that deflects a single A schematic of the puffer apparatus in operation. A stream of aerosol particles, generated by an ink-jet aerosol generator (IJAG), pass through a trigger volume formed by the intersection of two diode-laser beams. Subsequently, the particles pass through the sampling volume, which causes particles of biological origin to fluoresce differently from that of non-biological particles. If the observed fluorescence spectra of a particle matches a predetermined criteria stored in an on-board microprocessor, the puffer is cued to release an air packet to deflect the particle onto a substrate for collection and later analysis.
particle or a small number of particles out of an aerosol stream, and guides them into a special collection device or onto a specially prepared substrate. This technique has been used recently by Pan et al. (2004) for sorting bio-aerosols. Various indoor and outdoor tests demonstrated that the system can deflect particles bigger than 2 µm in diameter. The objective of this technology is to increase the concentration of the biological particles and prepare for a second stage analysis. The second stage analysis techniques, such as Raman and Fourier Transform Infra-Red (FTIR) spectroscopy, generally require long integration times because of their weak signal strength.
The response time of the puffer was 20 µs and the puff duration could be as short as 60 µs. Though this device represented a remarkable demonstration of advanced technology, there were still difficulties in the process. The biological particles were deflected into a cone-shaped distribution by the natural instability M. FRAIN ET AL. of the free jet. Many of these deflected particles would have missed the entrance of a microfluidic cell, which could be used for the second stage identification with biological assay. The cone-shaped distribution could lead to sparse cover on a substrate used for the Raman or FTIR spectroscopy. Redirecting the deflected particles into a more localized region would greatly facilitate their characterization and help ensure that no biological particles would be lost. Optimizing this localization process poses a difficult challenge, since a number of parameters influence the performance of the localization device. Among the variables are the duration of the puff, the driving pressure behind the puffer, and several geometric parameters, as shown in Figure 1 . In order to understand the behavior of particles deflected by an air packet, appropriate calculations are needed based on the fundamental physics of the transient two-phase flow as well as the related experiment.
In this paper the use of a specially designed funnel as a particle aerodynamic localizer (PAL) is introduced. This funnel focuses the broadly distributed deflected particles onto a small cross sectional area (less than 1 mm in diameter). The performance and design of the funnel is intimately connected to the operating characteristics of the puffer. The whole particle aerodynamic puffer deflection and localization process is referred to as Puffer-PAL. In the present work, a simple method of regrouping particles is developed, modeled, and tested. The approach was to use threedimensional CFD modeling of transient, compressible, particleladen flow to understand the fundamental instability of the gas jet. This insight was used for virtual-prototyping of a funneltype device that could minimize particle dispersion and provide localization of deflected particles. A complementary approach of modeling and experimentation was then used to study the system operation.
Computational Methods
Computational fluid dynamics has been used to predict the deflection and resultant trajectories of particles by a compressed puff of air within the classification apparatus, and to investigate methods to concentrate and localize these particles onto a sampling substrate for subsequent analysis. The basic transport equations governing the conserved variables of mass, momentum, and energy of the fluid (Equations 1-3) were approximated using the double precision FLUENT 6.1.22 segregated solver.
The variable ρ is the gas density, σ is the viscous stress tensor, u is the gas velocity, p is the gas pressure, and q is the heat transfer vector. The effect of the particles on the gas was neglected. The internal energy of the gas e includes both the sensible and kinetic energy. The ideal gas law was used to relate the pressure p, density ρ, and temperature T of the air:
where R is the ideal gas constant for air (287 J/kg -K). The use of Equation (4) captures the compressibility of the air, whereas using a constant density assumption renders the gas incompressible. Coupling between pressure and velocity was accomplished using the SIMPLE method of Patankar and Spalding (1972) . Second-order upwinding was used to discretize all convection terms. No Reynolds-averaged turbulence models were used, since they are notoriously unreliable for two-phase flow (Schmidt et al. 2003) . The use of ensembleaveraging, which is inherent in Reynolds-averaging, compounds the difficulties of modeling transient jets. Hou (2005) modeled transient two-phase jets in detail and noted "In particle-laden turbulent free-shear flows, the time-dependent organized structures which are determinant in particle transport and mixing are lost as a consequence of the ensemble averaging." Consequently, a Large Eddy Simulation (LES) turbulence closure was used in the present work. With the LES approach, a spatial filter is used to estimate the effects of turbulence, rather than ensemble averaging. The closure proposed by Smagorinsky (1963) was used in the present work for all transient calculations. Past calculations by Glaze and Frankel (2000) successfully modeled a particle-laden jet using similar methods. The first step in approximately solving Equations (1) through (4) was to apply filtering and Favre averaging. This gives rise to unclosed terms that must be modeled. For example, the momentum equation, Equation (2) now becomes Equation (5). The interested reader can obtain a full derivation, including a discussion of filtering and Favre averaging, in Pomraning (2000) .
The overbar represents filtering and the tilde denotes Favre averaging. The last term in Equation (5) includes a sub-grid stress that must be modeled for closure. In terms of the filtered velocity, the sub-grid stress is expressed as in Equation (6).
In the Smagorinsky approach, Equation (6) is modeled with an expression for eddy viscosity, as in Equations (7) and (8).
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The eddy viscosity, ν τ , depends on a constant, c s , the filter width, , and the magnitude of the filtered strain rate tensorS. The value of c s was 0.1 in the present calculations.
The trajectories of the particles were calculated using Lagrangian tracking. Assuming spherical particles, the drag correlation of Morsi and Alexander (1972) was used. The conservation of momentum equation was integrated twice to produce predictions of particle trajectories. Particle dispersion due to turbulence was handled with a discrete random walk model, where turbulent fluctuations are sampled from estimated sub-grid-scale velocities. The Basset history force, added mass, and charge effects on the particles were neglected in the calculations. Particles with diameters ranging from 1 to 10 micrometers with a density of 1000 kg/m 3 were simulated. Because the particle loadings are very light in the normal operation of the apparatus, it is convenient to use only one-way coupling of the two phases (Glaze and Frankel 2000) . In the experiment, about 600 particles pass through the device per liter of air flow. Thus, the volume and mass flow rate of solids are negligible when compared to the flow of air. To simplify the model appropriately, the effect of the gas on the particles is modeled, but the effect of the particles on the gas is neglected. With this assumption, the model can include arbitrarily large numbers of computational particles, far exceeding the physical loading used in the experiments. This approach maximizes the information produced by a single simulation, providing large statistical sample sizes with little additional computational cost since the gas phase calculation is far more expensive than the particle tracking. Two configurations of the particle pulsed-air puffer were investigated, with and without a localization apparatus. The first configuration was of the particle stream simply being deflected by the air pulse, without PAL (Figures 2-4) . A three-dimensional model was constructed to represent the geometry of the experimental particle handling system. A stable laminar jet emanates from the vertically oriented inlet nozzle. This 1 mm diameter inlet nozzle is designed to ensure that all the aerosol particles are confined to a 600 µm diameter stream while traveling between the diode-laser trigger volume, the UV-LIF sampling volume, and the intersection of the stream and the path of the pulsed air packet, a distance of just over 1 cm (see the right side of Figure 2 ). As the optics are far enough from the inlet aerosol stream to have little influence on the aerodynamics or trajectories of the aerosol, they are not incorporated in the model. Only the particle handling features are modeled in these calculations. In the numerical simulation, the airspace was divided into 220,000 to 480,000 tetrahedral cells (depending on the geometry), with resolution preferentially clustered around fine details, such as the interior of the puffer nozzle and the airspace where the two streams intersect. A velocity boundary condition of 10 m/s was imposed where the particles were introduced. Pressure boundary conditions were enforced at all other open boundaries. No-slip walls were used for the surfaces of the nozzles.
Subsequent calculations were performed to investigate the ability of different PAL concepts to collect and focus the particles to a point on a substrate. The preferred PAL device was a funnel cone positioned at an angle and intended to focus the particles on a vertical substrate ( Figure 5) . Several other configurations were tested, but the angled straight funnel produced the best results among the candidate designs. Figure 1 shows a simplified version of the experimental setup for testing the characteristics of the Puffer-PAL based on different operating conditions. An ink-jet aerosol generator (IJAG) (Bottiger et al. 1998 ) was used to produce spherical tryptophan particles ∼8 ± 2 µm or ∼4 ± 1 µm in diameter. The tryptophan particles from the IJAG are carried out by a laminar air stream about 1 mm in diameter, flowing at a bulk speed of 10 m/s by an aerodynamic focusing nozzle (the inlet nozzle). Each particle passes through a trigger volume about 300 µm wide, which is determined by the intersection of two continuous-wave laser diodes at different wavelengths. The elastic scattering signals of the on-the-fly particles are detected by two photomultipliers (PMTs). The outputs of the two PMTs are sent to an AND gate that triggers the puffer to send out an air packet to deflect this particle. The puffer nozzle is positioned to intersect these onthe-fly particles 3 mm below the trigger volume. Since the inlet nozzle is designed to produce particle velocities of 10 m/s, the elapsed time for the particle to travel from the two laser-diode trigger volume to the path of an air packet generated by the puffer is about 300 µs.
EXPERIMENTAL METHODS
The puffer, using a large-current film actuated pulsed valve (Muller et al. 1998) can generate a very short (60 µs) highspeed air packet (18 to 20 psig driving pressure) within 20 µs. An aerodynamic nozzle (with a 600 µm orifice), mounted on the exit of the valve, tightly focuses the air packet down to less than 1 mm in diameter and allows it to propagate over distances exceeding several millimeters. Such a well-localized air packet is intended to cause a very short interruption of the main aerosol stream and can selectively deflect (at a maximum rate of 12 Hz) either of two neighboring particles only 500 µm apart .
RESULTS
For an initial condition in the transient CFD simulation, an incompressible, steady state solution without any airflow through the puffer was used. Particles were then introduced and a transient simulation was initiated. The particles were spheres 5 µm in diameter with a density of 1000 kg/m 3 . Normally, the particle loading is low enough that it does not significantly alter the gas flow. As mentioned above, in order to maximize the information developed through the computation, an unrealistically high concentration of particles was included in the simulation, but the effect of the particles on the gas turned off. This step permits better statistical representation of particle fates with reasonable computational cost. The gas velocity field before the initiation of the puff is shown in the left side of Figure 2 . In the real UV-LIF system, the inlet nozzle is designed to focus the particles into an aerosol stream with as small a diameter as possible, and also to keep them collimated as long as possible while they travel diameter of approximately 600 µm near the intersection of the stream and the axis of the puffer nozzle. Maintaining a tight column of particles in the vicinity of the puffer is critical to ensuring that the biological particles are properly targeted and deflected.
The puff was initiated 3.0 ms into the simulation and lasted for 100 µs. At this point, the calculations began to include the effects of compressibility, treating the air as an ideal gas. For a puffer nozzle pressure of 138 kPa gage (20 psig), discharging into a chamber at approximately atmospheric pressure, the stagnation pressure ratio across the nozzle is approximately 0.43. For isentropic flow, this pressure ratio could produce Mach numbers as high as 1.18. According to one-dimensional, steady, inviscid, transonic nozzle theory, the converging puffer nozzle will choke the flow and constrain the Mach number to be unity at the exit. The jet that emanates from the nozzle would be underexpanded, and would form what is known as a 'barrel shock,' through which the flow may expand and accelerate to supersonic velocity. The gas in the jet then decelerates through a normal shock to subsonic velocity (Adamson and Nicholls 1959) . The structure of this shock persists until the stagnation pressure ratio across the puffer nozzle rises above 0.528, at which point the flow through the nozzle is entirely subsonic.
The calculated gas field at the end of the puff is shown in the left side of Figure 3 . This vertical cut-plane through the gas velocity field shows the velocity distribution at the end of a 100 µs puff, with velocities within the puff as high as 380 m/s, corresponding to a Mach number slightly greater than unity. Unlike the theoretical prediction described in the previous paragraph, Figure 3 shows transient, viscous, multi-dimensional results. It should also be noted that the velocity of the downward, particleladen jet is trivial by comparison and is not even visible in the figure.
The actual shape of the gas packet or puff leaving the puffer is shown in the right side of Figure 3 at different time delays. These images are in qualitative agreement with the computational predictions. The visualization of the gas-packet was obtained by imaging the scattering of very fine incense particles (around 50 nm in diameter) seeded within the gas with a 532 nm green laser sheet. The gas-packet is shown to be tightly focused with a diameter on the order of 1 mm. Such a well-localized air packet only causes a very short interruption of the main aerosol stream and therefore deflects very few neighboring (non-biological) particles along with the targeted (biological) particle. The air packet starts to expand and diffuse after several 100 µs when it is far beyond the point of interaction with the particle cued stream.
Unfortunately, the inertia of the gas-packet is so strong that, although the pressure driving the puff ends abruptly, the gaspacket entrains surrounding gas and particles for several milliseconds after the puff is triggered. The particles are launched on different trajectories depending on exactly when the particle left the inlet nozzle. Figure 4 shows the trajectories and locations of the particles at a certain time after they are deflected. In Figure 4 (a), it is 0.64 ms after the start of the 100 µs puff.
Particles are colored by when they left the vertical inlet nozzle, e.g., red particles have been tracked for 3.6 ms and blue particles have traveled for 0.7 ms since leaving the inlet nozzle. The yellow particles are around the puffer when the packet of gas reaches the particle stream, and only the particles proximate to the puffer are deflected, with little disturbance caused to the other particles. The upright inset of Figure 4 shows the distribution of the deflected particles collected by a SEM tape placed horizontally 1 mm below the puffer axis. The particle distribution is very close to that predicted in the CFD simulations. Particles corresponding to an "age" range of about 1 ms have been entrained by the puff. The complex secondary flows created by the puffer have redirected these particles into a variety of directions. Their chaotic trajectories will make it difficult to inject the particles into a microfluidic cell or to gather the particles into a small area of a substrate for further analysis. The calculations also serve as a reminder that even as the duration of the driving pressure becomes short, the residual momentum of the gas endures. The effective length of the puff is significantly longer than the 0.1 ms that puffer valve was open.
Not only is the dispersion process sensitive to the timing of the particles relative to the puff, but also to the location of the particle as it exits the inlet nozzle. Particles leave the inlet nozzle at slightly different positions, which then changes their exact location when struck by the puff. Particles leaving the inlet nozzle at different locations will end up with different trajectories once deflected by the puffer. In Figure 4(b) , it is 0.64 ms after the start of the puff, and the particles are colored corresponding to where they left the inlet nozzle. Each cell face on the inlet nozzle generates a particle per time step, and the color of the particle corresponds to a face identification number. The identification number is not significant, but the coloring does identify different particles that came from the same faces at the inlet. The figure shows that there is no clear relationship between the point of origin of the particles and their deflected trajectories.
Scattering cannot be avoided by only changing the puffer characteristics. Past experiments have proven that the valve opening duration and the driving pressure of the puffer does affect the deposition pattern of the deflected aerosols, especially for the small particles, less than 4 µm in diameter. Gas pulses as short as 60 µs and driving pressures in the puffer as low as 103 kPa gage (15 psig) help to reduce the dispersion of the deflected particles. However, even with a 60 µs pulse duration and 103 kPa puffer nozzle pressure, the deposits of 4 µm deflected particles on the horizontally oriented substrate are still highly scattered (see the upright inset of Figure  4) . Therefore, for Raman spectroscopy or other second stage analysis, the collected particle number density per unit area of substrate must be increased in order to achieve a certain signal to noise ratio to permit the rapid analysis of the particles within a short signal integration time. For this reason, it is necessary to localize the deflected aerosol onto a smaller spot on the substrate, on the order of a few hundred micrometers in diameter.
T: +44 (0) A further feature of the puff that is responsible for scattering the particles is the secondary flows created by the transient puffer jet. Jets above a Reynolds number of 4 tend to be unstable to infinitesimal perturbations, according to linearized perturbation theory (White 1991) . Based on a diameter of 1 mm and a velocity of 300 m/s, the Reynolds number at the peak of the puff would be 18,000. Consequently, the natural propensity of the free jet is to oscillate, which tends to scatter particles. The oscillation of a free jet is a fundamental feature of fluid mechanics and is a potential problem for transient particle deflection using a puffer. There is an inherent tendency of the puffing process to scatter the particles of interest, rather than to cleanly direct them onto substrate. One possible solution is to constrain the puff slightly to reduce the tendency of the jet to oscillate, spread out, and scatter particles.
In order to achieve this goal, a PAL apparatus, in the form of a focusing funnel, was introduced to the system and the substrate was oriented vertically to collect the deflected particles ( Figure 5 ). The axis of the PAL is tilted to compensate for the initial downward velocity (set by the inlet nozzle) of the deflected particles. In this configuration, a high puffer gas pressure and long gas pulse duration are required to ensure that the gas-packet or puff has enough residual momentum to push the particles through the PAL and deposit them onto the substrate, but not so much as to cause the particles to bounce off the substrate after impact. In addition, it is desirable to maintain a short duration to avoid deflecting unwanted non-biological particles in the main particle stream. The optimal conditions for this configuration are 124 kPa (18 psi) puffer gas pressure and 100 µs pulse duration.
The results of CFD simulations are shown in Figure 5 . At the beginning of the simulation, particles are introduced at the particle injection nozzle at the same velocity as the downward flow of gas (10 m/s). As the particles move downward towards the gap between the puffer nozzle and the PAL in the new configuration, the flow velocity decreases and the particles spread out slightly (Figure 5(a) ). At 4 ms, a 100 µs puff is initiated with a puffer pressure of 124 kPa (18 psi) as the stream of particles is centered on the axis of the puffer (Figure 5(b) ). At 4.25 ms, several of the particles are deflected and forced into the PAL (Figure 5(c) ). However, the puff also entrains a great deal of air and forces it into the funnel, causing pressure to build inside and forcing the violent regurgitation of the air and particles from the wrong side of the funnel ( Figure 5(d) ). Despite this reflux of the air and the rejection of particles from the funnel, a considerable number of particles exit the small diameter end of the funnel and are focused by the PAL onto the collection plate. The pattern of the deflected particles deposited on the substrate has been simulated assuming that all particles that contact the substrate are collected. The pattern (Figure 5(e) ) indicates most of the deposited particles are localized within a region less than 2 mm in diameter.
The calculations made with the PAL used a size distribution that varied from 1 µm to 10 µm. The peak probability of impact on the substrate was for intermediate size particles of about 6 µm. This trend is highly correlated to the predicted average impact velocity of each particle size. Small particles, while quickly accelerated to high speeds by the puff, quickly decelerate to low velocities in the presence of the gas stagnation point on the substrate. Large particles are not strongly accelerated by the puff due to their inertia and attain relatively low velocities. Intermediate size particles are small enough to be accelerated to high velocity by the puff yet have sufficient inertia to maintain that velocity through the gas stagnation region on the substrate.
The computational results show that the design of the PAL must balance several goals. The smaller the exit diameter of the funnel, the more concentrated the pattern of particle deposition. However, if the exit diameter becomes too small compared to the entrance, the amount of particles that bounce out of the funnel entrance can become unacceptably large. In interpreting Figure 5 , the reader should remember that the simulated particle concentration is far higher than the actual particle concentration in order to increase the statistical sample size of the modeled particles. Ideally, the timing of the puff can be adjusted so that the regurgitated particles are non-biological.
The experimental deposition pattern ( Figure 5(f) ) was obtained by deflecting and localizing the 8 µm tryptophan particles for 5 minutes with a puff frequency of 10 Hz (total number of particles being deflected is 3000). Counting particles on the substrate using 40× optical microscopy, 738 particles were found, corresponding to an overall efficiency about 25% for the puffer-PAL. Most of these particles are localized within a 1 mm diameter area on the substrate. About 75% of the particles are missed during the depositing and localizing process. Many of these particles bounce off of the substrate or are lost in the funnel. Despite the particle losses, the small spot size formed on the substrate is quite encouraging. Such a localization of the deflected particles and subsequent enrichment in a one millimeter spot size creates a much higher enriched and concentrated bioaerosol target for FTIR, Raman spectroscopy, or other biochemical analyses.
CONCLUSIONS
The aerodynamic behavior of the puffer-PAL demonstrates a unique capability for selectively deflecting interesting particles from background aerosols and then localizing them to a small area on a substrate or an entrance of a microfluidic cell. It appears that this technique is a viable front-end instrument for sorting out "wanted or suspect" aerosols from ambient or background aerosols. The combination of the puffer-PAL permits a 25% differentiation efficiency of collection by UV-LIF signals for second-stage analysis. The PAL provides an essential flow constraint when dealing with free jets, which produce undesirable particle dispersion. By using PAL, the majority of deflected particles can be deposited within a millimeter diameter circle on a substrate.
The agreement between CFD results and experimental observations are encouraging in establishing the validity of CFD in this context. In the future, more reliance can be placed on CFD in optimizing the deflection for a steeper cone angle distribution and in improving the efficiency of the Puffer-PAL system. The achievement of sub-millimeter localization of selected particles would facilitate the introduction of these aerosols into microfluidic devices for bio-chemical assay identification and/or onto a substrate for Raman and FTIR identification. Additionally, improving the collection efficiency would increase the fraction of suspicious particles that are considered in the second-stage analysis.
